Background: Panax ginseng Meyer is cultivated because of its medicinal effects on the immune system, blood pressure, and cancer. Major ginsenosides in fresh ginseng are converted to minor ginsenosides by structural changes such as hydrolysis and dehydration. The transformed ginsenosides are generally more bioavailable and bioactive than the primary ginsenosides. Therefore, in this study, hydrothermal processing was applied to ginseng preparation to increase the yields of the transformed ginsenosides, such as 20(S)-Rg3, Rk1, and Rg5, and enhance antioxidant activities in an effective way. Methods: Ginseng extract was hydrothermally processed using batch reactors at 100e160 C with differing reaction times. Quantitative analysis of the ginsenoside yields was performed using HPLC, and the antioxidant activity was qualitatively analyzed by evaluating 2,2'-azino-bis radical cation scavenging, 2,2-diphenyl-1-picrylhydrazyl radical scavenging, and phenolic antioxidants. Red ginseng and sun ginseng were prepared by conventional steaming as the control group. Results: Unlike steaming, the hydrothermal process was performed under homogeneous conditions. Chemical reaction, heat transfer, and mass transfer are generally more efficient in homogeneous reactions. Therefore, maximum yields for the hydrothermal process were 2.5e25 times higher than those for steaming, and the antioxidant activities showed 1.6e4-fold increases for the hydrothermal process. Moreover, the reaction time was decreased from 3 h to 15e35 min using hydrothermal processing. Conclusion: Therefore, hydrothermal processing offers significant improvements over the conventional steaming process. In particular, at temperatures over 140 C, high yields of the transformed ginsenosides and increased antioxidant activities were obtained in tens of minutes.
Introduction
Ginseng has been widely used as a medicinal plant because it has many bioactivities, such as immune system modulation, antistress activity, and anticancer effects [1] . These bioactivities are generally attributed to a group of compounds called ginsenosides, which are the main ingredients of ginseng [2] . Ginsenosides are triterpene glycosides [3] , and they can be classified into three types according to the location at which sugar moieties are attached to the triterpene skeleton: protopanaxadiol (PPD)-type, protopanaxatriol (PPT)-type, and oleanolic acid-type [4] . Among these ginsenosides, PPD-type and PPT-type are the most common [1] . In unprocessed ginseng, Rg1, Re, and Rf are PPT-type primary ginsenosides, and Rb1, Rc, Rb2, and Rd are PPD-type primary ginsenosides. These primary ginsenosides can be converted into transformed ginsenosides through deglycosylation and/or dehydration. In particular, PPD-type primary ginsenosides can be transformed into 20(S)-Rg3, Rk1, and Rg5 ( Supplementary Fig. 1 ) [5] .
Because the transformed ginsenosides contain fewer sugar moieties than the primary ginsenosides, the transformed ginsenosides are more bioavailable [6] . In addition, the transformed ginsenosides have various bioactivities that the primary ginsenosides do not have [7] . Therefore, many researchers have tried to increase the yield of the transformed ginsenosides, with three processes commonly utilized. The most typical process is steaming, and red ginseng and sun ginseng are prepared using this method [8, 9] . Other processes include the utilization of acidic catalysts [10, 11] and microorganisms or enzymes [12, 13] . However, these conventional methods are usually time-consuming and complex. The reaction time for the steaming process is over 3 h, whereas that for the biotransformation process, which requires incubation, is longer. Shorter reaction times can be achieved for the acid catalyst process, but corrosion and additional acid separation steps are inevitable. In this study, to overcome the disadvantages of these conventional processes, a hydrothermal process was introduced.
Hydrothermal reactions are chemical reactions performed in aqueous solution above 100 C and atmospheric pressure in a closed system [14, 15] . When a hydrothermal reaction is performed, as the reaction temperature increases to the critical temperature, the ion product of water increases [16] , whereas the dielectric constant decreases [17] . With the increase in ion product, the concentrations of H þ and OH e increase; therefore, water with a higher ion product is a good medium for acid-or base-catalyzed reactions. Moreover, the decreased dielectric constant allows water to dissolve organic materials, similar to other organic solvents [18] . Although organic solvents and catalysts are not used, the effects achieved using a hydrothermal reaction in water are similar. Because of these properties, the hydrothermal reaction has been applied to biomass and biowaste transformation processes that conventionally need acid catalysts or organic solvents [19, 20] . Agricultural biomass and food biowaste have been hydrothermally converted to more valuable chemicals through hydrolysis and dehydration [21, 22] . As the transformation of primary ginsenosides to more valuable ginsenosides occurs through similar reaction mechanisms, we introduced a hydrothermal process for ginseng preparation. In this study, hydrothermal reactions were performed for the first time for ginseng preparation under various operating conditions with differing temperatures and times to increase the yields of transformed ginsenosides and enhance the antioxidant activities. The hydrothermal process performed in this study was simpler, more time efficient, and more environmentally friendly than the typical transformation processes. The yields of the transformed ginsenosides, 20(S)-Rg3, Rk1, and Rg5, were calculated, and the antioxidant activities of the hydrothermally-reacted samples were measured using three methods. The obtained results were compared with those for conventionally prepared red ginseng and sun ginseng.
Materials and methods

Chemicals and reagents
HPLC-grade water (J.T. Baker, Center Valley, PA, USA) and acetonitrile (Samchun, Seoul, South Korea) were used as HPLC eluents. Milli-Q water from Millipore (Darmstadt, Germany) was also used as a solvent, except in HPLC measurements. Ethanol, used as an extraction solvent, was special grade (Samchun, Seoul, South Korea), whereas ethanol used for antioxidant activity measurements was HPLC grade (Fischer Scientific, Pittsburgh, PA, USA). HPLC-grade methanol (J.T. Baker, Center Valley, PA, USA) was used to check the antioxidant activity. Standard ginsenosides, Rg1, Re, Rf, Rb1, Rc, Rb2, Rd, and 20(S)-Rg3 were purchased from ChromaDex (Irvine, CA, USA). Rk1 and Rg5 were obtained from Ambo Institute (Daejoen, South Korea). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2 0 -azino-bis (3-ethylbenzothiazo-line-6-sulfonic acid; ABTS), FolineCiocalteu reagent, 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid (Trolox), gallic acid, and acrylamide were purchased from SigmaeAldrich (St. Louis, MO, USA).
Plant material preparation
Fresh ginseng (4 yr old) was purchased from Kyung-dong market in Seoul, South Korea. The ginseng was washed, cut into pieces, and dried in an oven at 50 C for 3 d. Dried ginseng fragments were ground to pass through a 40-mesh sieve. The powder (10 g) was extracted for 8 h using a Soxhlet extractor with 300 mL of 50% aqueous ethanol as the extraction solvent. After extraction, the extract was evaporated to less than 30% of its initial volume using a rotary evaporator to remove ethanol. Three 0.3-mL aliquots of the concentrate were dried in a vacuum oven to determine the percent solids by weight in the extract. The concentrate was diluted to 4 weight% (wt%) solids for use as a reactant in the hydrothermal reaction.
Hydrothermal reaction
The hydrothermal reactions were performed using an oil bath (COB-22, Chosun Instruments, Seoul, South Korea) with 23-mL batch reactors. The reaction temperatures were 100 C, 120 C, 140 C, and 160 C, with corresponding reaction times of 6e72 h, 1e 12 h, 15e135 min, and 5e35 min. The reaction pressures were the saturated vapor pressures (101 kPa, 199 kPa, 362 kPa, and 618 kPa) at each reaction temperature, and all experiments were repeated three times.
Control group preparation
As a control group, red ginseng and sun ginseng were prepared according to the published procedure with a slight modification [23] . Freshly cut ginseng was dried in an oven at 50 C for 3 d. The dried ginseng was then steamed in an autoclave (WiseClave WACS-1045, Witeg, Wertheim, Germany) at 100 C for 3 h to prepare red ginseng or at 120 C for 3 h to prepare sun ginseng. The steamed ginseng was dried in the oven at 50 C for 3 d. After drying, the procedures for Soxhlet extraction, evaporation, measurement of weight percent solids, and dilution to 4 wt% solids were performed as described in section 2.2.
HPLC analysis method
An Agilent 1100 series HPLC (Agilent, Santa Clara, CA) equipped with an Agilent Zorbax SB-Aq column (150 Â 4.6 mm, 50 mm) was used for quantitative analysis. The flow rate was 1.0 mL/min, and the injection volume was 20 mL. The eluent system used was a slight modification of a published method [24] . Eluent A was water and eluent B was acetonitrile: 0e6 min (18e23% B), 6e48.5 min (23e 40% B), 48.5e58 min (40% B), 58e60 min (40e100% B), 60e70 min (100% B), 70e71 min (100e18% B), and 71e75 min (18% B); the post time was 5 min (18% B). Detection was carried out at 203 nm and 25 C using a variable wavelength detector. Every sample was filtered with a 0.2-mm syringe filter from Advantec (Tokyo, Japan) prior to HPLC analysis.
2.6. Antioxidant activity measurements 2.6.1. DPPH radical scavenging ability A 6 Â 10 e5 M DPPH solution in methanol was prepared. Each sample (50 mL) was mixed with 2 mL of the DPPH solution and kept at room temperature for 16 min. The absorbance of this mixture at 517 nm was measured using an Evolution 201 UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA) [25] . This procedure was performed in triplicate for each sample. The DPPH radical scavenging ability is defined by the following formula:
DPPH radical scavenging abilityð%Þ ¼ A0 À ðA1 À A2Þ A0 Â 100 (1) where A0 is the absorbance of the DPPH solution at t ¼ 0, A1 is the absorbance of the DPPH solution with added sample at t ¼ 16 min, and A2 is the absorbance of 50 mL of the sample in methanol.
The DPPH radical scavenging ability was quantified according to a Trolox standard curve, and the results were converted to Trolox equivalent antioxidant capacity (TEAC) values.
ABTS radical cation scavenging ability
ABTS was dissolved in water (7mM), and potassium persulfate (2.45mM, final concentration) was added to the solution. The solution was kept in a dark room for 12e16 h before use and was subsequently diluted with ethanol to obtain an absorbance of 0.700 AE 0.02 at 734 nm. Each sample (20 mL) was mixed with 2 mL of the ABTS solution and then kept in a water bath at 30 C for 6 min. The absorbance at 734 nm was measured by UV-visible spectroscopy [25] . This procedure was performed in triplicate for each sample.
ABTS radical cation scavenging activityð%Þ
where A0 is the absorbance of the ABTS solution at t ¼ 0, A1 is the absorbance of the ABTS solution with added sample at t ¼ 6 min, and A2 is the absorbance of 20 mL of the sample in ethanol.
The ABTS radical cation scavenging ability was quantified using a Trolox standard curve, and the results were converted to TEAC values.
Total phenol content
FolineCiocalteu reagent was diluted with water (1:10 volume ratio), and a 20% sodium carbonate solution in water was prepared.
Each sample (100 mL) was mixed with 2.2 mL of the FolineCiocalteu solution, and a sodium carbonate solution (1 mL) was added after 3 min. After 1 h, the absorbance at 765 nm was measured [26] . This procedure was performed in triplicate for each sample. The total phenol content was quantified using a gallic acid standard curve, and the results were converted to gallic acid equivalents.
Elemental analysis
The ginseng extract and ginseng powder were freeze-dried before elemental analysis. Elemental analysis for carbon, nitrogen, and oxygen was performed in triplicate at the National Center for Inter-University Research Facilities at Seoul National University.
Statistical analysis
Every experiment and analysis was performed in triplicate. The results were expressed as mean AE standard deviation. A one-way analysis of variance using Microsoft excel 2010 version (Microsoft Corporation, Redmond, WA, USA) was performed. Statistically significant differences were determined at p < 0.05.
Results and discussion
Ginsenoside yields
A comparison of the HPLC chromatograms of unprocessed ginseng extract (Supplementary Fig. 2A ) and hydrothermally processed ginseng extract (Supplementary Fig. 2B ) illustrates that the hydrothermal process transformed primary ginsenosides, such as Rb1, Rc, Rb2, and Rd, into deglycosylated and/or dehydrated ginsenosides, such as 20(S)-Rg3, Rk1, and Rg5. Hydrothermal reactions at 100 C were performed for 3 h, 6 h, 12 h, 18 h, 24 h, 30 h, 48 h, and 72 h. Among these reaction times, the product that reacted for 12 h showed the highest yields of 20(S)-Rg3 [5.67 mg/g dry weight (dw)], Rk1 (3.01 mg/g dw), and Rg5 (5.45 mg/g dw; Fig. 1A) . At 120 C, the reactions were performed for 1 h, 2 h, 3 h, 4 h, 5 h, 8 h, 10 h, and 12 h. In this case, 20(S)-Rg3 (5.54 mg/g dw) was maximized at 2 h, Rk1 (3.56 mg/g dw) at 4 h, and Rg5 (6.51 mg/g dw) at 8 h (Fig. 1B) . The reaction times at 140 C were 10 min, 15 min, 45 min, 75 min, 105 min, and 135 min. The yield of 20(S)-Rg3 (5.46 mg/g dw) was the highest at 15 min, Rk1 (4.16 mg/g dw) at 45 min, and Rg5 (8.03 mg/g dw) at 75 min (Fig. 1C) . At 160 C, the hydrothermal reactions were performed for 5 min, 7 min, 14 min, 21 min, 28 min, and 35 min, and 20(S)-Rg3 (5.28 mg/g dw) was most abundant at 7 min, Rk1 (4.67 mg/g dw) at 14 min, and Rg5 (9.19 mg/g dw) at 21 min (Fig. 1D) .
For every 20 C increase in the reaction temperature, the maximum yield of 20(S)-Rg3 decreased by about 0.1 mg/g dw (5.67 mg/g dw, 5.54 mg/g dw, 5.46 mg/g dw, and 5.28 mg/g dw at 100 C, 120 C, 140 C, and 160 C, respectively). However, the corresponding maximum yields of Rk1 and Rg5 increased by approximately 0.5 mg/g dw (3.01 mg/g dw, 3 .56 mg/g dw, 4.16 mg/g dw, and 4.67 mg/ g dw) and 1 mg/g dw (5.45 mg/g dw, 6 .51 mg/g dw, 8 .03 mg/g dw, and 9.19 mg/g dw), respectively. The corresponding generation and decomposition rates determine the maximum yield of each ginsenoside. For 20(S)-Rg3, the increase in the decomposition rate with increasing reaction temperature was estimated to be greater than the corresponding increase in the generation rate. Therefore, the maximum yield of 20(S)-Rg3 gradually decreased with increasing temperature. However, the maximum yields of Rk1 and Rg5 increased because the increases in the generation rates of Rk1 and Rg5 with temperature were greater than the increases in the corresponding decomposition rates. Consequently, to maximize the yield of 20(S)-Rg3 using the hydrothermal process, a lower reaction temperature is preferred, whereas a higher reaction temperature is suitable to maximize the yields of Rk1 and Rg5.
To compare the efficiencies of traditional treatment methods and the hydrothermal process, red ginseng and sun ginseng were prepared, and the yields of 20(S)-Rg3, Rk1, and Rg5 were Table 1 ). Because red ginseng and sun ginseng were steamed at 100 C and 120 C, respectively, for 3 h, the samples that hydrothermally reacted for 3 h at 100 C and 120 C were used for comparison ( Figs. 2A and 2B) . At 100 C, the yields of 20(S)-Rg3, Rk1, and Rg5 obtained by the hydrothermal reaction were about 11.3, 9.47, and 8.09 times higher, respectively, than those in red ginseng. When the hydrothermal reaction was performed at 120 C, the yields of 20(S)-Rg3, Rk1, and Rg5 were about 3.41, 1.83, and 1.62 times higher, respectively, than those in sun ginseng. In both cases, the hydrothermal reaction was more efficient than the steaming process. Moreover, the maximum yield of each transformed ginsenoside obtained by the hydrothermal reaction was increased considerably (Fig. 2) .
Although the reaction temperature and the heating time were the same, the yields of 20(S)-Rg3, Rk1, and Rg5 obtained using the hydrothermal reaction were higher than those obtained by steaming. This is probably due to the differences between homogeneous and heterogeneous reactions. 20(S)-Rg3, Rk1, and Rg5, which are minor ginsenosides in unprocessed ginseng, can be obtained by deglycosylation and/or dehydration of major ginsenosides, such as Rb1, Rc, and Rb2, which are abundant in fresh ginseng. The reactants for the generation of these minor ginsenosides are the major ginsenosides, which are primary ginsenosides, and water because deglycosylation of the primary ginsenosides is a type of hydrolysis reaction. In the hydrothermal process, the raw material for the transformation step was ginseng extract (Fig. 3A) and the primary ginsenosides were in water itself resulting in a homogeneous reaction (Fig. 3B) . However, in the steaming process, the raw material for the transformation step was dried ginseng (Fig. 3A) , and the primary ginsenosides were in the ginseng, while water existed in the form of vapor, thus resulting in a heterogeneous reaction (Fig. 3B) . Because the reactants coexist in the same phase in a homogeneous reaction, the chemical reaction, heat transfer, and mass transfer are considered more efficient than those in a heterogeneous reaction. Therefore, the hydrothermal process was able to increase the yields of 20(S)-Rg3, Rk1, and Rg5 in comparison with those obtained by the steaming process.
The operating conditions that maximized the total yields of 20(S)-Rg3, Rk1, and Rg5 at 100 C, 120 C, 140 C, and 160 C were 720 min, 120 min, 45 min, and 7 min, respectively, and maximized total yields were 14.3 AE 0.43 mg/g dw, 15.3 AE 0.30 mg/g dw, 16.1 AE 0.30 mg/g dw, and 17.1 AE 0.50 mg/g dw, respectively. The natural logarithm of the reaction time was found to have a linear relation with the reaction temperature (R 2 ¼ 0.987; Supplementary Fig. 3 ). This result showed that the reaction time rapidly decreased with increasing reaction temperature in the hydrothermal process. Furthermore, using this graph, the operating conditions that maximize the total yield of 20(S)-Rg3, Rk1, and Rg5 can be roughly estimated, which is very useful when changing the operating conditions. For instance, although experiments were not performed at 150 C, the reaction time to maximize the total yield of the three transformed ginsenosides can be estimated to be around 16 min.
Antioxidant activities
The antioxidant activities of the hydrothermally processed samples and the control group (Supplementary Table 2) were measured using three different methods. At each reaction temperature, the antioxidant activities increased as the reaction time increased, with markedly increased gradients at higher reaction temperatures. The maximum total phenol content ( Supplementary  Fig. 4A ) at each reaction temperature was 3.13, 3.32, 3.74, and 4.74 times higher than that of raw ginseng extract. The maximum TEAC values for the hydrothermally processed product measured using ABTS ( Supplementary Fig. 4B ) and DPPH ( Supplementary Fig. 4C ) were 2.13e2.50 and 3.11e3.45 times higher, respectively, than those of the raw reactant.
The antioxidant activities of the samples that were hydrothermally reacted at 100 C and 120 C for 3 h were compared with those of red ginseng and sun ginseng, respectively (Fig. 4) . Although the yields of 20(S)-Rg3, Rk1, and Rg5 in red ginseng were about 10 times lower than those in the sample hydrothermally reacted at 100 C, the antioxidant activities were similar (Figs. 4A and 4B ). In the case of sun ginseng, the yields of the three ginsenosides were lower than those in the sample hydrothermally reacted at 120 C, but the antioxidant activities were higher (Figs. 4C and 4D) . Although the hydrothermally reacted samples produced higher yields of the three ginsenosides, they showed lower antioxidant activities, which suggests that the three ginsenosides may not significantly influence antioxidant activity. In addition to ginsenosides, phenolic compounds and Maillard reaction products (MRPs) can influence antioxidant activities [27, 28] . It is difficult to determine which compounds enhanced the antioxidant activity more than the three ginsenosides because the antioxidant activities of each ginsenoside, phenolic compound, and MRP in red ginseng, sun ginseng, and the hydrothermally reacted samples could not be measured separately. However, these results suggest that the compounds with the greatest influence on the antioxidant activities are not 20(S)-Rg3, Rk1, and Rg5.
At the same reaction temperature and heating time, red ginseng and sun ginseng showed similar or higher antioxidant activities than the hydrothermally reacted samples. However, at 100 C over 72 h, 120 C over 8 h, 140 C over 75 min, and 160 C over 21 min, the antioxidant activities determined by all three methods for the hydrothermally reacted samples were higher than those determined for the control samples. The maximum antioxidant activities obtained using the hydrothermal process were 1.6e4 times higher than those in red ginseng and sun ginseng (Fig. 4) .
MRPs are generated when amino acids and reducing sugars react at high temperatures [29] . From the yields of the three ginsenosides, it can be concluded that reducing sugars were generated in both the hydrothermal process and the steaming process because reducing sugars are obtained when sugars detach from major ginsenosides. Although sufficient amino acids exist in the ginseng powder used for the steaming process, it was necessary to determine whether amino acids were present in the ginseng extract used for the hydrothermal process. Thus, elemental analyses for carbon, nitrogen, and oxygen were performed for the ginseng extract and ginseng powder (Supplementary Table 3 ). While the ginseng powder had 1.89 wt% nitrogen, the ginseng extract only had 0.81 wt% nitrogen. This result indicates that amino acids were not extracted well into the ginseng extract. In the case of red ginseng and sun ginseng, the reaction media was ginseng; therefore, reducing sugars could react with amino acids present in the ginseng. However, the ginseng extract used in the hydrothermal process is deficient in amino acids; therefore, the reducing sugars may not fully react with amino acids to form MRPs. The amount of MRPs generated by the hydrothermal process seems to be lower than that generated by the steaming process, and this might be one of the factors that influence the antioxidant activities.
Conclusion
Hydrothermal processing of ginseng extract was carried out, and red ginseng and sun ginseng were prepared using the conventional steaming process for comparison. The hydrothermal process significantly increased the yields of 20(S)-Rg3, Rk1, and Rg5 in comparison with those of the control in every operating condition. This increase resulted from differences between the hydrothermal process as a homogeneous reaction and the steaming process as a heterogeneous reaction. As a homogeneous reaction, the hydrothermal processing of ginseng extract has the potential for commercialization in the form of a semicontinuous process to produce large amounts of the three transformed ginsenosides. Therefore, we plan to carry out hydrothermal processing of ginseng extract in a continuous system. Moreover, in the hydrothermal process, the observed linear relation between the natural logarithm of the reaction time and temperature can be used to determine optimized operating conditions. Meanwhile, it was found that 20(S)-Rg3, Rk1, and Rg5 are not the main factors that influence antioxidant activity. Although the yields of these three ginsenosides from the hydrothermal process were significantly higher than those from the steaming process, the antioxidant activities were similar or lower. The lower nitrogen content in ginseng extract indicated that fewer MRPs were generated in the hydrothermally processed samples, which might affect the antioxidant activities. However, at temperatures higher than 140 C, the antioxidant activities were successfully increased at short reaction times. Overall, the hydrothermal processing of ginseng extract can be used to greatly increase the yields of 20(S)-Rg3, Rk1, and Rg5, as well as the antioxidant activities of the samples in a short reaction time.
